INTRODUCTION
Hydrogen peroxide (H2O2) in the form of carbamide peroxide is widely used for tooth bleaching, both professionally and in self-administered products 1, 2) . H2O2 is the active molecule used for such procedures. Based on the capacity of H2O2 to generate reactive oxygen species (ROS), including free radicals, that diffuse throughout the dental hard tissues, concerns have been raised regarding the adverse effects that bleaching products can induce on the enamel and dentin structures, pulp, and bonding to composite resin systems 3) . Additional concerns have been raised about the generation of ROS, especially hydroxyl radicals (HO • ), when H2O2 is exposed to UV irradiation. While H2O2 is an effective agent for bleaching, its mechanism of action is still not clearly understood.
It is well known that high concentrations (about 30%) of H2O2 or low concentrations (about 3.5%) of H2O2/ TiO2 have been used as clinical bleaching agents. The bleaching effect may involve modification of the microstructural integrity of the enamel in deeper regions when a high concentration of H2O2 is applied 4, 5) . The mechanism of tooth bleaching is thought to result from the formation of ROS, especially hydroxyl radicals (HO • ) generated from H2O2 in bleaching agents [6] [7] [8] [9] [10] [11] . However, the generation of HO
• from H2O2 has been shown to be a risk factor during bleaching treatments 1) . Titanium dioxide (TiO2) is a non-toxic and inexpensive photocatalyst that can be used semipermanently as an environmental purification material 12, 13) . Ultraviolet A (UVA) irradiation of acrylic resin containing TiO2 generates reactive oxygen species (ROS) by photocatalysis to produce bleaching effects. The adsorption of apatite and the disintegration of titanium combine to demonstrate the increased bleaching effect. ROS such as hydroxyl radicals (HO • ), superoxides (O2
•-), and H2O2 are involved in the photocatalysis of TiO2 [14] [15] . We have developed an in vitro electron spin resonance (ESR) method for detecting ROS, such as O2
•-14-16) , H2O2 17) , singlet oxygen ( 1 O2 ) [18] [19] [20] , and HO •14-16) , and showed that ROS generation through excitation of irradiated TiO2 or non-irradiated TiO2 in the presence of H2O2 was detectable by ESR 14, 15) . However, it remains unclear whether H2O2 bleaching agents incorporating TiO2 are relevant to interactions that generate ROS such as O2
•-, HO
• . We previously reported that HAp-TiO2 exerts an antifungal effect while still maintaining adequate mechanical properties 15, 21) . Both HAp and TiO2 are expected to be useful bleaching agents since the adsorption function of HAp and the photocatalytic function of TiO2 are both surface phenomena involved in tooth bleaching. To develop a new bleaching method involving TiO2 coated with hydroxyapatite (HAp-TiO2) 22) , it is important to fully understand the characterization of ROS generation from H2O2 bleaching agents via the photocatalytic activity of HAp-TiO2. However, the role of ROS in bleaching agents via the photocatalytic activity of HAp-TiO2 is not well understood and it remains to be determined whether ROS are generated by H2O2 bleaching with HAp-TiO2. Therefore, the aim of the present study was to evaluate the ability of H2O2 bleaching agents with HAp-TiO2 in combination with UVA irradiation to generate ROS and to determine whether the generation of ROS contributes to the 
MATERIALS AND METHODS

Preparation of experimental solution
Four types of TiO2 (particle size: 5 nm, Tayka, Osaka, Japan): anatase TiO2 (A TiO2), rutile TiO2 (R TiO2), anatase HAp-TiO2 (A HAp-TiO2), and rutile HAp-TiO2 (R HAp-TiO2); and hydroxyapatite (HAp) were used. Six kinds of experimental solution were prepared: H2O2, HAp, A TiO2, R TiO2, A HAp-TiO2, and R HAp-TiO2. The concentration of H2O2 was 3.0% in all solutions. We mixed each powder (HAp, A TiO2, R TiO2, A HAp-TiO2, and R HAp-TiO2) with 3.0% H2O2. Distilled water was used as the control. HAp-TiO2 was prepared using a previously reported process 22) . The microstructure of HAp-TiO2 was confirmed by scanning electron microscopy (Jeol, Tokyo, Japan). The crystal phase of HAp-TiO2 was determined by X-ray diffraction (Rigaku, Tokyo, Japan). The apatite was prepared using a previously reported process 22) . Radical Research) at room temperature 24) . Different types of anatase and rutile occurred in the wavelength range, and the set contained a range of both regions 25) . The signal intensities of the radicals were measured to determine the absolute intensity. WIN-RAD ESR data analyzer (Radical Research), and the results were expressed as the signal intensity (peak height) (n=3).
Analysis of ROS by the ESR spin-trapping technique
Comparison of tooth bleaching effects using hematoporphyrin litmus paper
We evaluated the quantitative effects of bleaching following the method outlined by Nakazawa et al. 9) . Hematoporphyrin (H-5518; Sigma, Tokyo, Japan), the coloring matter of resolved blood, was dissolved in ethanol and used to stain glossy printer paper (Epson Corporation, Tokyo, Japan). This pigment may also influence ROS through the use of organic materials near the body, and could be used to evaluate the effect of bleaching. We cut the stained paper into strips (9×50 mm). They were applied to each bleaching sample (250 µL), and were retained there by surface tension. We exposed them to UVA (1.0 mW/cm 2 , 5.0 min) from above at a distance of 2.0 mm. After bleaching, the paper strips were washed with distilled water for 1.0 min and dried at room temperature. This process was repeated 15 times. The color of the strips was measured with Shade Eye™ NCC (Shofu, Kyoto, Japan) before and after bleaching. The color difference was calculated from the ΔL value (the index of brightness) using the CIE1976L*a*b* color specification system 26) .
Effects of bleaching on extracted human incisor teeth
We examined the effects of bleaching with R HAp-TiO2 and H2O2 under UVA irradiation on extracted human incisors 10) . The teeth were cleaned and stored in distilled water in a dark place. None of the teeth had caries, restorations or cracked enamel. They were cleaned using a supersonic wave for 5.0 min before bleaching commenced. A 5×5 mm area on the buccal side of each tooth was isolated by applying wax to the surrounding enamel. We applied 25 µL of the mixed solution of R HAp-TiO2 and H2O2 to the exposed area of the teeth, followed by UV irradiation from a distance of 2.0 mm. The bleaching process was performed 20 times (5.0 min×20). Changes in the brightness of the teeth before and after bleaching were quantified as L values with Shade Eye TM NCC (n=5), and recorded with photographs. Changes in the pH of R HAp-TiO2 with H2O2 were measured with or without UVA irradiation (1.0 mW/cm 2 , 5.0 min, 2.0 mm from the sample) using a pH meter (Thermo Fisher Scientific, Tokyo, Japan) (n=3).
Statistical analysis
Statistical analysis was performed with Statcel 2.
Regression analysis was applied to data obtained from the relationship between the ΔL value and O2
•-and HO
• generation using Statcel 2. The data were analyzed using Pearson's correlation coefficient test. Statistical significance was set at p<0.05.
RESULTS
Characterization of the generation of hydroxyl radicals and superoxide through excitation of TiO2 or HAp-TiO2 and H2O2 after UVA irradiation
We obtained the typical ESR spectra after UVA irradiation of the control, A TiO2, R TiO2, A HAp-TiO2, and R HAp-TiO2 in the presence of H2O2 (Fig. 1a) . No spectrum was detected during irradiation of the control CYPMPO solution. We observed the formation of a characteristic CYPMPO-OH spin adduct spectrum with hyperfine splitting constants (hfsc) giving rise to 14 resolved peaks 23) , indicating that HO • generation had occurred 27) (Fig. 1a) . The formation of a characteristic CYPMPO-OOH spin adduct spectrum with hfsc also gave rise to 14 resolved peaks, indicating that O2
•-generation had occurred 27) (Fig. 1a) . The signal intensity of the CYPMPO-OH spin adduct from R HAp-TiO2 in the presence of H2O2 was the highest of all the solutions (p<0.01) (Fig. 1b) , while the signal intensity of the CYPMPO-OH spin adduct from A TiO2 in the presence of H2O2 was the highest of all the solutions (p<0.01) (Fig.  1c) .
Characterization of ΔL through excitation of TiO2 or HAp-TiO2 and H2O2 after UVA irradiation and correlation of superoxide and hydroxyl radical generation
We investigated the effects of ΔL by UVA irradiation of the control, A TiO2, R TiO2, A HAp-TiO2, and R HAp-TiO2 in the presence of H2O2 (Fig. 2a) . The ΔL from R HAp-TiO2 in the presence of H2O2 was highest of all the solutions (p<0.01) (Fig. 2a) . A significant correlation was observed between ΔL and HO
• generation from TiO2 and HAp-TiO2 in the presence of H2O2 with UVA irradiation (Fig. 2b) , but not between ΔL and O2
•-generation (Fig. 2c) .
Characterization of the effects of bleaching on extracted human teeth through excitation of TiO2 or HAp-TiO2 and H2O2 after UVA irradiation
We examined the effects of bleaching with R HAp-TiO2 in the presence of H2O2 with UVA irradiation on extracted human incisor teeth. Photographs of the teeth were taken before and after treatment (Fig. 3a) . The L value increased significantly with the number of treatments (Fig. 3b) . Finally, we examined the effects of UVA irradiation on the pH of the R HAp-TiO2 solution in the presence of H2O2. There were no significant changes in the pH of the R HAp-TiO2 solution in the presence of H2O2 with or without UVA irradiation (Fig. 3c) .
DISCUSSION
H2O2 is the active molecule used for bleaching procedures [1] [2] [3] . Under alkaline conditions, H2O2 bleaching generally proceeds via the perhydroxyl anion (HO2 - 2) . Under photochemically initiated reactions using lamps or lasers, the formation of HO
• from H2O2 has been shown to increase 7) . Various pathways have been shown to be involved in • generated from samples (referred to Fig.1b) . c: Relative ESR signal intensity of the DMPO-OOH spin adduct of superoxide generated from samples (referred to Fig.1c) . The data are expressed as means±SD (n=3). **Significantly different (p<0.01) from the control. the generation of ROS, and HO
• in particular, through excitation of TiO2 photocatalysis 12) . Because HO • is a short-lived radical species, CYPMPO was used as a spin trap since it reacts with HO
• to form a stable CYPMPO-OH spin adduct. However, the CYPMPO-OH spin adduct can also be generated by the photo-oxidation of CYPMPO itself 28) . The detection of ROS generation through excitation of HAp-TiO2 has been demonstrated in previous ESR spin-trapping studies 22) . One study undertook photochemical analysis of ROS generated in the presence of H2O2 bleaching gel with and without TiO2 29) , however ROS generation in the presence of H2O2 as a bleaching reagent with HAp-TiO2 has not been examined.
These hfsc values suggest that HO • and O2
•-were generated through excitation of all solutions upon UVA irradiation 30) . Our results confirmed that HO • generation through excitation of R HAp-TiO2 in the presence of H2O2 was higher than for H2O2, A TiO2, R TiO2, A HAp-TiO2 and HAp, as measured using an ESR spin trapping technique (Fig. 1a) . A recent study reported that the generation of ROS such as HO
• and O2
•-for A TiO2 was greater than for R TiO2 31, 32) . Indeed, our results also indicate that O2
•-generation through the solution of A TiO2 in the presence of H2O2 is higher than for R TiO2, while HO • generation through the solution of R TiO2 in the presence of H2O2 is higher than for A TiO2 (Fig. 2c) . Further study is required to clarify in detail the mechanism causing differences in the generation of HO • and O2
•-by A TiO2 and R TiO2 in the presence of H2O2. Our results confirm that HO
• generation through excitation of R HAp-TiO2 in the presence of H2O2 is higher than for H2O2, A TiO2, R TiO2, A HAp-TiO2 and HAp, as measured using an ESR spin trapping technique (Fig. 1a) . Figure 1B shows that for HO
• generation, the signal intensity of R HAp-TiO2 is approximately equal to the sum of the signal intensities for HAp and R TiO2, while Fig. 1c indicates that O2
•-generation through the solution of R HAp-TiO2 in the presence of H2O2 is lower than all the other groups. These results suggest that the photocatalytic activity of TiO2 increased HO
• generation and decreased O2
•-generation (Figs. 1b,c) by providing a coating of HAp. Taken together, our results show that the greatest amount of HO
• was generated by R HAp-TiO2 with UVA irradiation compared to TiO2 alone (Fig. 1a) , while UVA irradiation of TiO2 without the HAp coating caused scattering. The maximal scattering caused each TiO2 particle to extend its influence into a large volume, so that even at a low density the radiation fields of adjacent particles may not be as independent of one another as they are with the HAp coating 33) . This may have been due to the plate-like crystals in the test mixtures of HAp-TiO2 which may have created too much turbidity for sufficient light to reach them 15) . However, it has so far been difficult to connect this knowledge with an understanding of the fundamental optical properties conferred by the HAp coating on TiO2 and the effects on ROS generation in bleaching reagents.
ROS such as O2
• , and H2O2 are generated by the following photocatalytic process, commencing with absorption of photons (hv) (1):
•-+2H → TiO2+H2O2 
O2
•-was predominantly generated by excitation of A TiO2 (1) in the presence of H2O2, but not R TiO2 (Fig. 1b) , and HO
• generation through excitation of R TiO2 in the presence of H2O2 (4) was higher than A TiO2. It is suggesting that R TiO2 itself generated HO
• more effectively than A TiO2. Thus, most HO
• generation from R HAp-TiO2 in the presence of H2O2 was due to the sum of the signal intensities indicating HO
• generation for HAp and R TiO2. Further study may determine the mechanism underlying the enhanced ability of R HAp-TiO2 to generate HO
•-in the presence of H2O2.
A comparison of ΔL values through excitation of TiO2 or HAp-TiO2 and H2O2, revealed that the ΔL value increased the most in treatment with R HAp-TiO2 in the presence of H2O2 with UVA irradiation (Fig. 2a) , suggesting that bleaching effects are consistent with the data of HO
• generation using ESR (Fig. 1a) . Furthermore, a good correlation can be observed between HO • generation and ΔL, but not O2
•-generation and ΔL (Figs.  2b,c) . It is well known that HO
• plays a critical role in the oxidative process of TiO2 with photocatalytic activity, and promotes bleaching effects 7, 8, [14] [15] [16] . These findings indicate the novel bleaching efficacy of R HAp-TiO2 in the presence of H2O2 with UVA irradiation. Finally, we confirmed that R HAp-TiO2 in the presence of H2O2 with UVA irradiation has a bleaching effect on extracted human incisor teeth (Figs. 3a,b) because of its ability to generate higher amounts of HO • during photocatalysis (Fig. 1) . We observed the maximum brightness after 20 photocatalysis treatments with R HAp-TiO2 in the presence of H2O2 (Fig. 3b) . Our results suggest that R HAp-TiO2 has strong bleaching efficacy in the presence of H2O2 with UVA irradiation. Furthermore, we confirmed there are no significant changes in pH in the solution of R HAp-TiO2 in the presence of H2O2 with or without UVA irradiation (Fig. 3c) . Neutral pH bleaching reagents such as R HAp-TiO2 were developed because of their ability to effectively generate higher levels of HO
• than TiO2 with UVA irradiation and a low concentration of H2O2. Oxidative stress resulting from photosensitized ROS production in skin is accepted as the main contributor to the deleterious effects of UVA exposure 34) . Further study may determine how this solution can be applied clinically to protect skin, especially in the oral region, against UVA insults. In addition, we did not observe any temperature changes before or after bleaching, but it is possible that temperature changes occurred during irradiation 27) . In conclusion, our study using ESR spectroscopy and spin trapping has shown that HO
• generation through excitation of R HAp-TiO2 in the presence of H2O2 is greater than that of TiO2 or A HAp-TiO2. The bleaching effects resulting from the ability of R HAp-TiO2 in the presence of H2O2 to generate ROS, especially HO • , via photocatalysis may be harnessed to develop a wide range of reagents to facilitate bleaching treatments.
